Diffusion tensor imaging (DTI) of the brain has become a mainstay in the study of normal aging of white matter, and only recently has attention turned to the use of DTI to examine aging effects in gray matter structures. Of the many changes in the brain that occur with advancing age is increased presence of iron, notable in selective deep gray matter structures. In vivo detection and measurement of iron deposition is possible with magnetic resonance imaging (MRI) because of iron's effect on signal intensity. In the process of a DTI study, a series of diffusion-weighted images (DWI) is collected, and while not normally considered as a major dependent variable in research studies, they are used clinically and they reveal striking conspicuity of the globus pallidus and putamen caused by signal loss in these structures, presumably due to iron accumulation with age. These iron deposits may in turn influence DTI metrics, especially of deep gray matter structures. The combined imaging modality approach has not been previously used in the study of normal aging. The present study used legacy DTI data collected in 10 younger (22-37 years) and 10 older (65-79 years) men and women at 3.0 T and fast spin-echo (FSE) data collected at 1.5 T and 3.0 T to derive an estimate of the field-dependent relaxation rate increase (the "FDRI estimate") in the putamen, caudate nucleus, globus pallidus, thalamus, and a frontal white matter sample comparison region. The effect of age on the diffusion measures in the deep gray matter structures was distinctly different from that reported in white matter. In contrast to lower anisotropy and higher diffusivity typical in white matter of older relative to younger adults observed with DTI, both anisotropy and diffusivity were higher in the older than younger group in the caudate nucleus and putamen; the thalamus showed little effect of age on anisotropy or diffusivity. Signal intensity measured with DWI was lower in the putamen of elderly than young adults, whereas the opposite was observed for the white matter region and thalamus. As a retrospective study based on legacy data, the FDRI estimates were based on FSE sequences, which underestimated the classical FDRI index of brain iron. Nonetheless, the differential effects of age on DTI metrics in subcortical gray matter structures compared with white matter tracts appears to be related, at least in part, to local iron content, which in the elderly of the present study was prominent in the FDRI estimate of the putamen and visibly striking in the diffusion-weighted image of the basal ganglia structures.
Introduction
The burgeoning use of magnetic resonance (MR) diffusion tensor imaging (DTI) in the study of normal aging has expanded the availability of diffusion-weighted images (DWI) of the brain. DWI, while not normally considered as a major dependent variable in research studies, are used clinically as a highly sensitive marker for acute ischemia (Moseley et al., 1990b; Moustafa and Baron, 2007; Srinivasan et al., 2006) and for the evaluation of stroke (Wang et al., 2006) . Inspection of DWI, especially in advancing age, reveals a striking conspicuity of the globus pallidus and putamen caused by signal loss in these structures, presumably due to iron accumulation with age. These iron deposits may influence DTI metrics, especially of deep gray matter structures. Here, we present data on young and elderly healthy individuals who have had both brain DTI and MR-based brain iron assessment and examine the influence of brain iron on DTI.
Deep gray matter structures have a unique MR signal intensity in the elderly, with profound signal darkening on T 2 * and T 2 -weighted images in some regions, especially the putamen (Hiwatashi et al., 2003; Thomas et al., 1993) . There is ample evidence indicating that these local age effects are due to age-related iron deposition (in vivo: 7,18,postmortem: Hallgren and Sourander, 1958) , which may be a marker of occult vascular disease and a correlate of age-related decline in cognitive or motor functions associated with the iron-laden subcortical structures (Pujol et al., 1992) . Iron effects on MR images are apparent even in young adults, for example, in substantia nigra, globus pallidus, and red nucleus, and consequently show little change with advancing age beyond adolescence (Pujol et al., 1992; Thomas et al., 1993) . The thalamus and white matter contain little to no iron (Hallgren and Sourander, 1958) and therefore exhibit no T 2 * effect from iron (Bartzokis et al., 1993) . Other structures, including the putamen and caudate, however, are vulnerable to further accumulation of iron with advancing age (Bartzokis et al., 1994 (Bartzokis et al., , 2007b , and the iron accumulation is abnormally high in diseases of the basal ganglia, such as Parkinson's disease (Bartzokis et al., 1999; Michaeli et al., 2007; Pujol et al., 1992) , striatonigral degeneration , and Huntington's disease (Bartzokis et al., 2007a) .
Iron deposits in the brain cause loss of signal intensity with certain image acquisition types, and the effect is greater as the field strength increases (e.g., from 0.5 T to 1.5 T to 3.0 T). The signal loss effect is due to the fact that the iron deposits behave as little magnets when subjected to a strong magnetic field and cause protons in nearby water molecules to lose their coherence, and therefore magnetic resonance imaging (MRI) signal intensity, more quickly than they would if not in the vicinity of iron. This signal loss is usually referred to as an effect on transverse relaxation time, T 2 , or the corresponding rate, R 2 = 1/T 2 , that characterize the time during which the proton spins interact with each other (spin-spin interactions) and the signal in the transverse plane is lost. Another source of signal loss is identified by a time constant T 2 *, or the corresponding rate R 2 * = 1/T 2 *, and characterizes the time during which the spinning protons lose their signal in the transverse plane because of local magnetic field inhomogeneity, e.g., caused by the iron molecules. The R 2 * signal loss can be recovered with certain imaging protocols, i.e., spin-echo sequences, whereas the R 2 signal loss cannot be recovered.
Several methods have been proposed for detecting and quantifying iron in the brain non-invasively with MR-based techniques (reviewed by Haacke et al. (2005) ). Among them are susceptibility-weighted imaging , where the effect of magnetic susceptibility on signal phase accrual is used to estimate local iron concentrations. The difference in R 2 and R 2 * has been proposed for iron measurements (Gelman and Guinto, 1992; Ma and Wehrli, 1996; Ordidge et al., 1994) . Alternatively, iron measurement has been proposed based on a parametric model of signal decay in a series of measurements with incrementally asymmetric spin-echoes, in a procedure called magnetic field correlation imaging (Jensen et al., 2006) .
The method used in the current work relies on acquiring MRI of each subject at two different field strengths to take advantage of iron's differential effect on transverse relaxation rates (R 2 ) at different field strengths (Bizzi et al., 1992; Gomori and Grossman, 1993; Majumdar et al., 1989) . This method has been calibrated for quantifying iron content, and relies on relatively simple processing of R 2 measurements at the two field strengths. As described by Bartzokis et al. (1993 Bartzokis et al. ( , 1994 Bartzokis et al. ( , 2007b , the mainstay of brain iron is in ferritin molecules, which increase transverse relaxation rates (R 2 ) linearly with increases in MR field strength (but see Bizzi et al., 1990) , and can be quantified as the field-dependent R 2 increase (FDRI) per unit Tesla, where higher FDRI indexes greater local concentration of iron. The FDRI measured regionally in vivo (Bartzokis et al., 2007b) correlated nearly perfectly with iron concentration measurements made postmortem (Hallgren and Sourander, 1958) . A series of cross-sectional studies on regional differences in ferritin-bound iron measured with FDRI revealed significantly greater FDRI notable in caudate nucleus and putamen in older than younger healthy individuals, less of an FDRIage effect in globus pallidus and hippocampus, and none in the thalamus. In contrast to accruing iron in deep gray matter structures with age, frontal white matter showed an age-related decrease in FDRI (Bartzokis et al., 2007b) .
The local inhomogeneity caused by iron particles increases transverse relaxation rates contributing to signal darkening on conventional spin-echo MR images, notable in brain regions exhibiting aging effects (Raz et al., 2007) . Co-occurring with advancing age, however, is a generalized decrease in transverse relaxation rates across the brain, which results in signal brightening, probably due to interstitial fluid accumulation. These two contributors to the relaxation processes compete, making the source of age-related R 2 -dependent MRI signal differences difficult to discern.
Additional information about the source of tissue quality differences with aging may be present in diffusion tensor imaging (DTI) and its metrics. DTI is sensitive to the intrinsic properties of water diffusion in tissue and provides information about tissue microstructural characteristics, based on two types of quantitative data: (1) diffusivity, which increases with extracellular fluid accumulation, decreases with gliosis, and can be expressed as mean diffusivity (MD); and (2) coherence of highly structured tissue (e.g., white matter bundles), which provides information about microstructural integrity (e.g., myelin) and can be expressed as fractional anisotropy (FA) Le Bihan, 2003; Moseley et al., 1990a; Pfefferbaum and Sullivan, 2005a; Pierpaoli and Basser, 1996) . DTI metrics have identified significant effects of adult aging that are now well described in regional white matter (for review, . Typically, with advancing age anisotropy declines and diffusivity increases more in anterior than posterior brain regions, whether measured with a region-of-interest approach (Head et al., 2004; Madden et al., 2004; O'Sullivan et al., 2001; Pfefferbaum et al., 2005; Pfefferbaum et al., 2006; Pfefferbaum and Sullivan, 2003; Pfefferbaum et al., 2000; Salat et al., 2005; Sullivan et al., 2001) , voxel-based analysis (Grieve et al., 2007; Kochunov et al., 2007; Snook et al., 2007) , or quantitative fiber tracking (Pfefferbaum et al., 2007; Sullivan et al., , 2008 . As observed postmortem, a predilection of age-related loss occurs for thin, unmyelinated fibers, which are in greatest abundance in the frontal lobes (Aboitiz et al., 1996; Bartzokis, 2004) . Commonly but not necessarily, diffusivity negatively correlates with anisotropy within white matter samples (Chen et al., 2001; Engelter et al., 2000; Head et al., 2004; Helenius et al., 2002; Naganawa et al., 2003; Pfefferbaum et al., 2005; Sullivan, 2005b, 2003) , probably reflecting an age-related increase in unbound interstitial fluid (e.g., Norris et al., 1994; Peters and Sethares, 2003; Pfefferbaum and Sullivan, 2005b; Rumpel et al., 1998; Sehy et al., 2002; Silva et al., 2002) . Signal loss attributable to iron deposition is especially conspicuous on diffusion-weighted spin-echo images (Hiwatashi et al., 2003) . Although greater presence of free water should result in increased MD and reduced R 2 (c.f., Pfefferbaum et al., 1999) , these fluid-related age effects on MD may be more reflective of spin-spin R 2 changes than are R 2 estimates from multi-echo spin-echo MRI data.
Despite DTI's role in revealing age-related changes in quality of brain white matter and suggesting mechanisms of degradation, the utility of DTI metrics in furthering our understanding of age-related changes in gray matter is relatively unexplored, with a few exceptions (Huang et al., 2006; Kochunov et al., 2007; Liu et al., 2007) . Theoretically, DTI could provide quantitative data about changes in magnitude and orientation of diffusivity resulting from compaction due to local tissue shrinkage or dilation of adjacent CSF-filled spaces, such as sulcal expansion on the cortex or ventricular enlargement on adjacent structures, such as the caudate or thalamus.
In the present study, motivated by the profound conspicuity of the globus pallidus from signal darkening on diffusion-weighted images ( Fig. 1) , we took advantage of legacy MRI and DTI data collected in a group of young adults and elderly adults at two field strengths, 1.5 T and 3.0 T, permitting calculation of FDRI, recognizing that the calculation of relaxation can be biased in an fast spin-echo (FSE) acquisition and herein after referred to the FDRI estimate. Our analysis focused on basal ganglia structures. From the FDRI estimate, we predicted a detectable iron presence in putamen, Fig. 1 . Structural MRI (SPGR), DTI (DWI, FA, and MD), source images for iron quantification (T 2 at 1.5 T and T 2 at 3.0 T), and images as estimated by FDRI from group averages in common anatomical space constructed separately for young and elderly participants. These mid-coronal images are at a level that includes caudate nucleus, globus pallidus, and putamen. The white matter, caudate nucleus, globus pallidus, and putamen regions of interest (ROIs) are outlined in white on the SPGR images; the slices containing the thalamus ROI are posterior to this slice. caudate, and globus pallidus but not in a subcortical gray matter comparison structure, the thalamus, or in a frontal white matter taken from the same imaging slices as the striatal samples. Despite age-related decrease in R 2 relaxivity expected in all regions and tissue types, we predicted greater presence of iron in the putamen and caudate nucleus in older than younger individuals. We further examined the effects of the FDRI estimate on FA and MD, with the possibility that either measure could be higher or lower in the elderly depending on the amount of iron, the extent of tissue compaction, and the presence of interstitial fluid accumulation.
Methods

Subjects
Two groups of healthy, highly educated adults were studied: 10 younger (mean = 28.6, range = 22-37 years, 17.2 years of education; 5 men, 5 women) and 10 older (mean = 72.2, range = 65-79 years, 16.3 years of education; 5 men, 5 women). The younger subjects included laboratory members and men and women recruited from the local community. All older subjects were recruited from a larger ongoing study of normal aging and scored well within the normal range on dementia screening tests: Mini-Mental State Examination (Folstein et al., 1975 ) mean = 28.9, range = 27-30 out of 30 and the Dementia Rating Scale (Mattis, 1988 ) mean = 140.1, range = 138-143 out of 144. In addition to the DTI study at 3 T, 17 of the 20 subjects (10 older and 7 younger) also had been scanned in other protocols on a 1.5 T scanner within about year (mean = 213, range = 10-383 days). Appropriate approval and procedures were used concerning human subjects.
MRI and DTI acquisition protocol
The 3 T DTI-structural acquisition included a separate acquisition of a field map to be used for correction of spatial distortion due to main field (B 0 ) inhomogeneity. MRI data were acquired on a 3-T General Electric (Milwaukee, WI) Signa human MRI scanner (gradient strength = 40 mT/m; slew rate = 150 T/m/s); software version VH3). Four axial sequences were collected: (1) Structural Fast Spin-Echo (FSE; FOV = 24 cm, T r = 10,000 ms TE = 14/98 ms, ETL = 8, thick = 2.5 mm, skip = 0 mm, slices = 62, echo train flip angle = 160 • ); (2) Inversion Recovery Prepared SPoiled Gradient Recalled echo (IRPrep-SPGR; FOV = 24 cm, TI = 300 ms, TR/TE = 6.5/1.54 ms, thick = 1.25 mm, slices = 124); (3) Diffusion Tensor Images (DTI; FOV = 24 cm, T r = 11,000 ms TE = 97.6 ms, thick = 2.5 mm, skip = 0, slices = 62, b = 0 (8 NEX) + 6 noncollinear diffusion directions (4 NEX, gradient orientations +x + y, +y + z, +x + z, −x + y, −y + z, +x − z with a repeat of these six orientations with opposite gradient polarity, 1.5 Gauss/cm with 32 ms duration and 34 ms separation, resulting in a b-value of 860 s/mm 2 , x-dim = 96, y-dim = 96, 3472 total images); (4) Fieldmap (FOV = 24 cm, multi-slice, dual echo, multi-shot (16) spiral acquisition, x-dim = 128, y-dim = 128). The SPGR data were aligned such that adjacent pairs of 1.25-mm thick SPGR slices subtended each 2.5-mm thick FSE and DTI slice using custom scanner prescription software, which computed precise slice locations. The data from the spiral acquisition for each echo were gridded and Fourier transformed, and a fieldmap was estimated from a complex difference image between the two echoes (Glover and Lai, 1998; Pfeuffer et al., 2002) . The 1.5 T structural data used for this analysis were coronally-acquired FSE images (FOV = 24 cm, T r = 7500 ms TE = 14/98 ms, ETL = 8, thick = 4.0 mm, skip = 0 mm, slices = 47, and echo-train flip angle = 180 • ).
DTI analysis
DTI quantification was preceded by eddy current correction on a slice-by-slice basis by within-slice registration, which takes advantage of the symmetry of the opposing polarity acquisition (Bodammer et al., 2004) . The reversing diffusion gradient polarity scheme also allowed for compensation of the diffusion effect created by the imaging gradients by averaging the opposite polarity data (Neeman et al., 1991) , reducing the data to six non-collinear diffusionweighted images per slice. Using the field maps, B 0 -field inhomogeneity induced geometric distortion in the eddy current-corrected images was corrected with PRELUDE (Phase Region Expanding Labeller for Unwrapping Discrete Estimates (Jenkinson, 2003) ) and FUGUE (FMRIB's Utility for Geometrically Unwarping EPIs (Jenkinson, 2001) ).
An average diffusion-weighted image was constructed from the average of the six diffusion-weighted images and signal intensity expressed in institutional units. From the b = 0 and 6 diffusion-weighted images, six maps of the apparent diffusion coefficient (ADC) were calculated. Solving six simultaneous equations with respect to ADCxx, ADCxy, etc. yielded the elements of the diffusion tensor. The diffusion tensor was then diagonalized, yielding eigenvalues λ 1 , λ 2 , λ 3 , as well as eigenvectors that define the predominant diffusion orientation. Based on the eigenvalues, FA, ADC, λ L (λ 1 ), and λ T ((λ 2 + λ 3 )/2) were calculated on a voxel-by-voxel basis (Basser and Jones, 2002; Basser and Pierpaoli, 1998; Pierpaoli and Basser, 1996) .
Image registration
Voxel-by-voxel maps of R 2 estimates were calculated by two-point log fit for the 3 T and 1.5 T FSE data separately. Because these maps were based on FSE rather than true spinecho data, we refer to this measure as an R 2 estimate. For the 3 T data, within each subject, after field map correction, the b = 0 EPI data were registered to the late echo FSE data with non-rigid registration (Rohlfing and Maurer, 2003) to compensate for residual uncorrected B0 distortion. The late echo FSE data were in turn registered to the SPGR data. Each subject's SPGR data were then registered to the laboratory SPGR atlas with non-rigid registration. These transformations were aggregated by concatenation and applied to the FA, MD, b = 0 EPI, DWI, R 2 estimate, early and late echo FSE and SPGR data for each subject and all were reformatted, each with a single tricubic interpolation, into 1 mm isotropic data sets in atlas space.
The 1.5 T late echo FSE data were registered to the 3 T late echo FSE data, the transformation added by concatenation to the above transformation train and applied to the 1.5 T R 2 estimate, which were also reformatted, each with a single tri-cubic interpolation, into 1 mm isotropic data sets in atlas space.
Region-of-interest analysis
Bilateral caudate, globus pallidus, putamen, thalamus and white matter sample regions of interest (ROI) were drawn (by A.P.) on the laboratory SPGR atlas presented in the coronal plane. The globus pallidus, putamen, caudate and white matter sample were drawn on 10 contiguous 1-mm thick slices at an anterior-posterior location that maximized the presence of all three basal ganglia structures (see Fig. 1 ). The thalamus was drawn on the next 10 contiguous slices posterior to the basal ganglia. The ROIs were used to quantify the various DTI metrics for each subject by analyzing their values within each ROI after transformation into laboratory atlas space. The caudate and thalamus ROIs were eroded one and two pixels respectively on a slice-by-slice basis to avoid partial voluming of CSF. The iron concentration was estimated by comparing the R 2 estimates across the two field strengths (1.5 (Bartzokis et al., 2007b) . After maps of the R 2 estimates were constructed, the median the R 2 estimate for each ROI for each field strength was computed. The iron measure was computed as (R 2 @3 T − R 2 @1.5 T)/1.5, and yielded a numerical range across all subjects of .07-4.1 s −1 .
Statistical analysis
Two group (young vs. elderly) by two hemisphere (left vs. right) repeated measures analyses of variance (ANOVA) were conducted for each of the five bilateral brain regions (globus pallidus, putamen, caudate nucleus, thalamus, and the white matter sample) and each brain measure (FA, MD, DWI, R 2 estimates at 1.5 T and 3 T, and FDRI estimate). We expected group effects in basal ganglia but not white matter or thalamic regions, but did not expect group-by-hemisphere interactions, that is, we predicted that in regions showing an age effect both hemispheres would be similarly affected by age. Additional repeated measures ANOVAs examined the profile of group differences across the five ROIs for each brain metric. Follow-up comparisons were based on withinsubject and between-subject t-tests. Pearson product-moment correlations tested relations between DWI values and FDRI estimates and were confirmed with non-parametric Spearman Rank Order tests to minimize bias from outlying values.
Results
Effect of age on the five bilateral regions of interest
These analyses examined the differential effect of age on the imaging metrics focused on the globus pallidus, putamen, caudate nucleus, thalamus, and frontal white matter. The data were acquired at 3 T in the full group of 20 men and women, and the estimated field-dependent measure of iron content (FDRI estimate) was based on the 7 young and 10 elderly subjects with data acquired both at 1.5 T and 3 T. The ANOVA statistics are presented in Table 1 and described below. Significant group-by-hemisphere interactions were observed in six comparisons, but in none of these cases did the interaction determine the group effect. Consequently, the following analyses used the mean of the left and right hemisphere values for each imaging metric (Fig. 2) .
Anisotropy and magnitude of diffusion in gray matter and white matter
A repeated measures ANOVA across the five ROIs for FA yielded a significant interaction (p = .0001). Follow-up comparisons showed that FA was significantly higher in the elderly than young group in the putamen (p = .0115) and caudate nucleus (p = .0001) but significantly lower in the frontal white matter sample (p = .0001) and showed a trend to be lower in the globus pallidus (p = .1019). FA in the thalamus showed no age effect (p = .8165).
For MD, a repeated measures ANOVA across the five ROIs revealed higher MD in the elderly than the young group across the five brain regions (p = .0003). The group differences were significant in the globus pallidus (p = .0005) and white matter (p = .0001) but not in the putamen (p = .0712), caudate nucleus (p = .1992), or thalamus (p = .1749). The regional pattern of age effects was the same for transverse diffusivity and MD but different for longitudinal diffusivity. Although the group-by-region interaction was significant (p = .0007), the only region not to show an age effect was frontal white matter longitudinal diffusivity; thus, unlike transverse diffusivity, the older group had higher longitudinal diffusivity in the thalamus, caudate, and putamen as well as the globus pallidus.
For DWI, the ANOVA across the five ROIs revealed a significant group-by-region interaction (p = .0001) and opposite age effects in three ROIs. The elderly group had lower image intensity than the young group in the putamen (p = .0008) but higher intensity in the thalamus (p = .0105) and white matter (p = .005). Group differences were not significant in the globus pallidus (p = .2499) or caudate nucleus (p = .2929).
Indices of iron structures of the basal ganglia, thalamus, and frontal white matter
A repeated measures ANOVA for R 2 identified interactions at both field strengths (p = .0001). The age effect on R 2 relaxation rate at 3.0 T was significant in the putamen (p = .0136), where R 2 was higher in the elderly than young group. By contrast, R 2 was lower in the elderly in the thalamus (p = .0001) and white matter (p = .0005); although lower in the globus pallidus, the effect of age was not significant (p = .214). At 1.5 T field strength, the pattern of group differences was the same as at the higher field strength, but higher rate with age was only marginal in the putamen (p = .082). The mean R 2 estimates were significantly lower at 1.5 T than at 3.0 T (p = .0001 for all five regions).
The FDRI estimated measure of iron was derived from R 2 acquired at the two MR field strengths, 1.5 T and 3 T, available for 7 of the 10 younger subjects and all 10 elderly subjects. Two regions showed significant group effects with ANOVA: for the putamen, the elderly had higher FDRI estimates than the young (p = .029), whereas the opposite was the case for the thalamus (p = .0016). This age-related pattern difference across ROIs was confirmed with a repeated measures ANOVA across the five ROIs that yielded a significant interaction (p = .0066).
Correlations of FDRI with DTI metrics
The mean values of the left and right hemispheres were used to examine correlations among brain measures. Initial analyses examined the relation between the FDRI estimate and the five DTI metrics (FA, MD, λ L , λ T , and DWI). Three correlations met family-wise Bonferroni correction for five multiple comparisons, requiring p ≤ .01: Low diffusivity on Fig. 2 . Mean ± S.E.M. of each bilateral DTI, MRI, and FDRI estimate metric for the young and elderly groups. *p ≤ .05, **p ≤ .01, ***p ≤ .001, and ****p ≤ .0001. DWI correlated with high FDRI estimates in the thalamus (r = −.62, p = .0088; Rho = −.53, p = .0342) and putamen (r = −.81, p = .0001; Rho = −79, p = .0016). Although high FA correlated with high FDRI estimates in the putamen (r = .62, p = .0079), this correlation was not confirmed with a non-parametric test because of an outlying value (Rho = .30, p = .2355) ( Table 2 and Fig. 3 ).
Discussion
This analysis was prompted by the observation based on retrospective analysis of legacy data that in a DTI study of young and old subjects there was a conspicuous decrease in signal intensity on the aggregated DW basis images used for computation of the quantitative diffusion metrics. The fact that these legacy data were available with accompanying R 2 estimates at two field strengths, 1.5 T and 3.0 T, led us to the speculation that age-related iron deposition in the basal ganglia contributed to this observation. In spite of the plethora of limitations of the data set and the low statistical power, there are tantalizing suggestions that the quantitative metrics of diffusivity are indeed affected, that is, there are trends for negative correlations in the expected direction between FDRI estimates and the diffusivity measures in all regions examined. This phenomenon needs to be established with unbiased relaxivity estimates. If confirmed, it would suggest that iron deposition influences DTI and would provide further insight into a mechanistic explanation of brain changes with age and diseases of the basal ganglia.
Age, subcortical gray matter, and iron
The effect of age on the diffusion measures in the deep gray matter structures was distinctly different from that reported in white matter. In contrast to the notably lower FA and higher diffusivity especially prominent in frontal white matter in older than younger healthy adults (for review, , FA and diffusivity were higher, albeit insignificantly for diffusivity, in the older than younger group in the caudate nucleus and putamen. Consideration of the diffusivity components revealed another difference in agerelated patterns between the white matter sample and the caudate and putamen. For white matter, the elderly had higher values than the young in transverse diffusivity (λ T , a putative marker of myelin integrity) but not longitudinal diffusivity (λ L , a putative marker of axonal integrity) (Song et al., 2003 (Song et al., , 2002 , whereas longitudinal rather than transverse diffusivity was greater in the four subcortical gray matter structures measured of the elderly than young. The thalamus showed little effect of age in anisotropy or diffusivity. The DWI metric showed a regionally distinct pattern of age-related differences not necessarily related to tissue type: DWI was lower in the putamen of the elderly relative to the young, whereas the opposite held true for the white matter region and thalamus, perhaps related to the high white matter presence in the thalamus. Thus, the differential effects of age on DTI metrics in subcortical gray matter structures compared with white matter tracts appears to be related, at least in part, to local iron content, which in the elderly of the present study was prominent in the FDRI estimates of the putamen and vis-ibly striking in the diffusion-weighted image of the basal ganglia structures. We further note that in Table 2 all the diffusivity measures correlate negatively with FDRI estimates and although not individually significant, in the aggregate are supportive of our speculation that the greater presence of iron underlies this effect. Despite the regional pattern difference between age and FDRI, the MD was negatively correlated with FDRI estimates.
It has been speculated that age-related decline in the ferritin iron index of white matter and thalamus, which contains significant myelin, should be accompanied by myelin breakdown owing to oxidative stress caused by iron release (Bartzokis et al., 2007b) . We tested this hypothesis by examining the correlation between FDRI estimates and transverse diffusivity, a diffusion index of myelin degradation. Although the hypothesis was not supported as tested, high FDRI estimates did relate to low DWI signal intensity in the thalamus and putamen, likely reflecting signal attenuation from iron. High FDRI estimates also correlated with high FA in putamen, the meaning of which is less clear but open to the speculation that high iron presence may be associated with extent of tissue compaction, and that concurrent high MD, notably longitudinal diffusivity, occurs in the presence of interstitial fluid accumulation in a region. Nonetheless, the interpretation of age-related changes in DTI metrics in deep gray matter structures appears to be different from that in white matter. In addition to the obvious differences in underlying microstructure, myelinated linear structures vs. predominantly neurons and glia, the presence of iron appears to have a greater effect on anisotropy than mean diffusivity.
The conspicuity of the R 2 -like increases due to iron deposition in the brain is enhanced in the presence of diffusion weighting gradients (i.e., DWI) in some regions, especially globus pallidus and putamen. The reasons for this are not immediately apparent. The spin-spin T 2 (signal darkening) effects are on a molecular distance scale, over which the diffusion weighting gradients are negligible, but can affect the competing "T 2 shine-through effect," caused by signal brightening from the presence of interstitial fluid. Attenuation with diffusion weighting gradients of age-related T 2 shine-through effect could uncover iron-dependent increase in the R 2 estimate. Further, the magnitude of iron-induced signal loss may depend on the magnitude of local water diffusion near the iron molecules (Jensen et al., 2006) and the presence of diffusion weighting gradients could enhance the signal decay. The role of iron in increased anisotropy in deep gray matter structures is similarly puzzling and may be related to actual alterations in the condition of microstructural tissue.
Limitations
The retrospective nature of this study imposes limitations to acknowledge that by definition cannot be remedied. Firstly, the sample of younger and older healthy individuals with MR imaging data at two field strengths and with structural as well as diffusion tensor imaging data was small, thus limiting our conclusions, including those regarding functional correlations, and precluding secondary analyses, for example, examination of sex differences (c.f., Bartzokis et al., 2007b) . Secondly, as a retrospective study, we did not have an optimized imaging acquisition protocol targeting iron. For example, slice thickness differed between acquisitions, being 4 mm for 1.5 T data and 2.5 mm for 3 T data; thus, the 1.5 T data (with lower native resolution) required more interpolation than the 3 T data when the data were combined into isotropic space. Under ideal conditions of excitation homogeneity, the estimates of R 2 can be made efficient by encoding FSE images with a train of refocusing pulses in a dual-echo sequence. While at 1.5 T, B1 excitation homogeneity is typically excellent on current clinical scanners, higher field strengths such as 3 T suffer from greater spatial variation in the excitation B1 fields. In addition, power deposition limits for in vivo scanning at high field are more likely to constrain the acquisition prescription than at 1.5 T. For these reasons, refocusing trains at 3 T may be implemented with flip angles lower than 180 • , which substantially reduces peak and average power, but introduces a bias to the resulting R 2 estimate. The bias term is more pronounced at the periphery of the axial slices of interest, whereas medial regions (such as the central gray matter) are less affected. Nonetheless, the imaging parameters and data quality were adequate to detect robust and regionally differential effects of iron, albeit underestimating FDRI because of the lower flip angles at 3 T, and suggest the need to consider age-related iron accumulation in the interpretation of diffusion tensor imaging studies.
Conclusions
Until very old age, white matter volume is more preserved relative to the profound degradation in microstructure detectable with DTI. By contrast, cortical gray matter as well as deep gray matter structures recede in volume with advancing age, yet the deep gray matter structures, like regional white matter, also exhibit age-related changes in anisotropy and diffusivity detectable with DTI. The fact that gray matter FA increases rather than decreases with age as it does in white matter warrants further investigation and may be influenced by or reflective of iron deposition. The regionally differential distribution of age-related iron accumulation in the brain may serve to explain certain age-related declines in function and may also have ramifications for studies of aging that rely on brain imaging protocols potentially affected by iron, such as functional MRI, which is founded on the T 2 *, blood oxygenation level dependent (BOLD) effect.
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